Abstract-We show the application of a minimally based, patient-specific mathematical model in the evaluation of glioblastoma response to therapy. Days Gained uses computational models of glioblastoma growth dynamics derived from clinically acquired magnetic resonance imaging (MRI) to compare the post-treatment tumor lesion to the expected untreated tumor lesion at the same time point. It accounts for the inter-patient variability in growth dynamics and response to therapy. This allows for the accurate assessment of therapeutic response and provides insight into overall survival as it relates to treatment response.
course lack imperative information that highlight patientspecific differences that would predict treatment response and improve clinical decision making.
The Days Gained (DG) response metric can be computed using an untreated virtual control (UVC) which is generated using one of three models of decreasing complexity (4D-anatomical, 4D-spherical, and linear models). Tumor measurements from two pre-treatment MRIs are required to run the UVC and estimate an untreated tumor burden at post-treatment time points. The UVC can then be directly compared against actual tumor lesions measured posttreatment to compute a Days Gained response value (Fig. 1) .
II. DISCRIMINATORY POWER OF DAYS GAINED
DG has been validated in two investigations of patients receiving radiation therapy, demonstrating a significant discrimination between patients in progression-free survival and overall survival. The first investigation included 33-newly diagnosed GBM patients receiving first-line radiotherapy [3] . The second investigation (Fig. 2) expanded the cohort to 63 newly diagnosed GBM patients [4] . In addition, the second study compared multiple methods for estimating the tumor burden of UVC models, determining that each version of the model revealed comparable results and a simplified linear model could provide an efficient and accurate computation of a UVC.
III. COMPUTING DAYS GAINED SCORES
There are three models used to simulate UVCs representative of tumor growth at distinct levels of detail. Each of these 4D UVC simulations are generated on the basis of a Proliferation-Invasion (PI) model that accounts Figure 1 . Representation of the three models used as untreated virtual controls in order to compute Days Gained scores from patient-specific MRI data. The T1Gd spherically-equivalent (SE) radius is derived from volumetric extractions of pre-treatment MRI scans to generate a UVC and compare it to the tumor lesion at a post-treatment time point.
for two patient-specific parameters: tumor's net diffusive capacity (D) and tumor's net proliferation rate (r) [5] [6] [7] [8] [9] [10] [11] [12] . The 4D-anatomical model simulates tumor growth based on a reaction-diffusion differential equation parameterized by D and r. The diffusion values of simulated cells take into account the patient's neuroanatomy using segmented gray matter, white matter, and cerebrospinal fluid regions to dynamically influence the geometric shape of the tumor. The 4D-spherical model simplifies the anatomical model by simulating tumor growth as an expanding sphere without imposing restrictions based on neuroanatomy. Lastly, the linear model simplifies further, assuming a linear radial expansion of the tumor lesion without simulating individual cells. The 4D-anatomical model simulates a growing tumor with the highest accuracy. However, we have shown that the minimal linear model can significantly discriminate patient outcomes in progression free survival and overall survival to the same degree as the complex models. We therefore focus on the application of the linear model since it requires the minimal amount of patient-specific information acquired with routine MRIs and can be quickly applied in the clinical setting.
A. Linear Model
The linear model simulates the radial expansion of lesions from a given MRI contrast (e.g., T1Gd and T2). Tumor growth is assumed to follow a spherical distribution with initial tumor size estimated as a spherically equivalent (SE) radius, which is derived from segmented tumor volumes visualized in the MRI sequences.
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In the linear model, y represents the predicted SE radii on T1Gd or T2 imaging, m is the pre-treatment growth velocity measured on T1Gd or T2 imaging, x refers to the amount of time between the final pre-treatment scan and next time point of interest (typically the first post-treatment scan), and y pre represents the SE tumor radius extracted from the last pre-treatment T1Gd or T2 scan. To calculate m, we take the volumetric difference between two segmented tumors from two pre-treatment scans and divide it by the amount of time between the scans.
The predicted values from this Untreated Virtual Control (UVC) based on the linear model can be compared to the actual tumor size from future post-treatment time scans to determine the degree of therapeutic response. By solving for x in the linear model, we can estimate the amount of time a given therapy deflected tumor growth.
DG scores are calculated by replacing the predicted tumor size, y, with the segmented post-treatment T1Gd or T2 SE radius, y POST . The difference in pre-and post-treatment tumor size is then divide by the tumor growth velocity, m, and subtracted from the amount of time that has passed between scans, x POST (in days). DG scores assume a positive tumor growth rate prior to therapeutic intervention. Therefore, these scores are only meaningful for positive values of m.
B. Days Gained in the Clinic
The DG response metric was developed to gain insight in the patient-specific differences that account for the vast heterogeneity among patients, patients' tumors, and response to therapy. As previously mentioned, the DG metric has shown promise in discriminating patients receiving standardof-care radiotherapy. In recently analysis, DG scores showed discriminative power in several cohorts receiving different therapies [13, 14] . These therapies include Bevacizumab, an anti-angiogenic drug whose main function is to suppress the development of new blood vessels, and Gamma Knife, a targeted form of radiation therapy with high accuracy.
The application of DG as a response metric is useful in the clinical context of GBM patients receiving different treatments. Using the minimal linear model, DG can be obtained using routinely acquired MRIs without disrupting clinical workflow. Thus, DG scores have the potential to aid physicians in deciding course of treatment or enrolling patients to appropriate clinical trials. 
